The incommensurately modulated structure is reported for the low-dimensional spin-1 / 2 quantum magnet TiOCl. On the basis of an analysis of the structural distortions in the spin-Peierls state ͑stable below T c1 =67 K͒ and in the incommensurate phase ͑stable between T c1 and T c2 =90 K͒, it is argued that both the incommensurability and the twofold superstructure at low temperatures are the result of frustration between a spin-Peierls pairing on chains of Ti atoms as driving force and elastic coupling between neighboring chains mediated by the oxygen atoms.
I. INTRODUCTION
Low-dimensional S =1/2 quantum spin systems exhibit magnetic order in a variety of ground states, that may involve charge, spin, orbital, and lattice degrees of freedom. One of the interesting features is the frustration between competing interactions favoring different ground states, that are at the origin of a possible dimensionality crossover between low-temperature and high-temperature regimes. TiOCl and TiOBr are isostructural, paramagnetic compounds with layered structures ͑Fig. 1͒. 1 Magnetic interactions between S =1/2 Ti 3+ ions may be present as superexchange interactions on chains Ti-O-Ti parallel to a, as diagonal interactions along c on the two-dimensional layers, or as direct exchange on chains of Ti atoms parallel to b. The latter type of interactions has been shown to dominate the behaviors at low temperatures. 2, 3 They are responsible for the formation of a spin-Peierls state below T c1 =67 K ͑TiOCl͒ or T c1 Ј =27 K ͑TiOBr͒. 2, [4] [5] [6] Recently, we have found that TiOBr possesses an incommensurately modulated crystal structure between T c1 Ј and T c2 Ј =47 K. 7 Rückamp et al. 8 have argued that the existence of an incommensurate phase at intermediate temperatures is the result of frustration of interchain interactions in TiOCl and TiOBr. The existence of an incommensurately modulated structure provides an explanation for anomalies that have been found in the temperature dependencies of the magnetic susceptibilities and other physical properties. 2, 3, 9, 10 In the present contribution we report the incommensurately modulated structure of TiOCl, as it exists between T c1 = 67 K and T c2 =90 K. TiOCl is found to be isostructural to TiOBr in all phases. The crystal structure is analyzed in view of the mechanism of competing interactions that are responsible for the intricate phase diagrams of these compounds.
II. EXPERIMENT
Single crystals of TiOCl have been grown by gas transport from TiCl 3 and TiO 2 , resulting in yellowbrown crystals with a plate-like habit. 1 A single crystal of dimensions of about 0.2ϫ 0.18ϫ 0.01 mm 3 has been glued to a carbon fiber that was attached to a closed-cycle helium cryostat mounted on a four-circle Huber diffractometer. X-ray diffraction has been measured at beamline D3 of Hasylab at DESY ͑Ham-burg, Germany͒, employing monochromatic synchrotron radiation of wavelength 0.5000͑1͒ Å and a point detector. Diffraction at room temperature confirmed the FeOCl structure type. 1 The temperature dependence of the first component of the modulation wave vector q = ͑ q 1 , 1 2 + ␦ ,0 ͒ has been determined from q scans along a * centered on ͑−2,−1.5,−1͒. Below T c1 = 67 K a single peak has been observed at ͑−2 , −1.5, −1͒ that indicates a twofold superstructure with q 1 = 0 and ␦ = 0 at these temperatures. 4 For T c1 Ͻ T Ͻ T c2 two peaks appear at positions ͑−2 ± q 1 ,−1.5,−1͒ in each q scan ͓Fig. Intensities of the incommensurate satellite reflections decrease on increasing temperature. They do not disappear at T c2 , but weak maxima are also found in the q scans along a * at temperatures of 92 and 95 K, while at still higher temperatures maxima could not be found around the ͑−2,−3.5,−1͒ position. Above T c2 the reflection maxima are broader than below T c2 ͓Fig. 2͑b͔͒, indicating that they are due to pretransitional fluctuations above a second-order phase transition at T c2 =90͑1͒ K. Strong incommensurate fluctuations above T c2 are in agreement with anomalies in the temperature dependencies of NMR and the magnetic susceptibility, that are present between T c2 and the temperature T * = 135 K. 2,3,9,10
The persistence of the normal phase down to T c2 , the presence of an incommensurately modulated structure between T c2 and T c1 , and the presence of a twofold superstructure below T c1 are in complete accordance with the phase diagram of TiOBr. 7, 6 These results are also in agreement with similar results on the incommensurate phase of TiOCl as they are reported by Krimmel et al. 
Data processing, following standard procedures, resulted in a set of observed structure factors that have been used in structure refinements.
Structure refinements have been performed within the superspace approach, 12, 13 employing the computer program JANA2000. 14 The analysis has closely followed the structural analysis of TiOBr. 7 In particular, the observed diffraction pattern can be interpreted as due to a crystal with a twodimensional modulation and the orthorhombic superspace group Pmmn͑q 1 q 2 0͒͑−q 1 q 2 0͒000 000, or as due to a crystal with a one-dimensional modulation and the monoclinic superspace group P2/n͑q 1 q 2 0͒00. In the latter case, the orthorhombic appearance of the diffraction requires the crystal to be twinned with a volume ratio 1:1 of the two twin domains. A good fit to the diffraction data has been obtained for both models, 17 in accordance with the analysis of TiOBr. 7 However, recent electron diffraction experiments have indicated that TiOBr is twinned within its incommensurate phase, thus pointing towards monoclinic symmetry for the structure of that compound. 15 Assuming TiOBr and TiOCl to be similar in this respect too, the true symmetry of the incommensurate phase of TiOCl must be monoclinic. Therefore, the present analysis is confined to the monoclinic structure model of TiOCl. The modulation is described by a single modulation wave vector q = ͑0.0589, 0.5066, 0͒, and a single-harmonic modulation function for each atom Ti, O, and Cl:
where x 4 = t + q · x and t is the phase of the modulation. 13 The structure model is summarized in Table I .
III. DISCUSSION
Modulation wave vectors in the incommensurate states have components of similar magnitudes for TiOCl and TiOBr ͓Fig. 2͑c͔͒, 7 and atomic displacements form similar patterns in both compounds ͑Table I and Ref. 7͒ . Together these features show equivalent behavior of TiOCl and TiOBr in all three phases between 10 K and room temperature. 4, 6, 7 Displacements of the atoms in TiOCl are larger than the displacements in TiOBr, in agreement with the higher transition temperatures in TiOCl. Assuming a pairing of Ti atoms along b to be the driving force for the distortions, an approximate scaling is found of u y ͓Ti-TiOCl͔ / u y ͓Ti-TiOBr͔ 4, 6 Displacements of Cl and Br just follow the displacements of Ti, as it is evidenced by equal distances between these atoms. 4 Accordingly, the observed atomic displacements are the result of frustration between spin-Peierls deformation on single chains and elastic coupling between ribbons.
With frustration between intrachain and interchain coupling already present in the spin-Peierls state, the question emerges about the interactions responsible for the incommensurability of the structure at intermediate temperatures.
First it is noticed, that the amplitudes of the incommensurate modulation at 72 K are of similar sizes as the displacements in the twofold superstructure at 10 K. More precisely, minimum and maximum values of bond distances and bond angles in the incommensurate phase ͑Table II͒ are equal to the two different values of corresponding interactions in the twofold superstructure as they have been reported in Ref. 4 . Thus, the incommensurate phase appears to be an incommensurate analogue of the twofold superstructure in virtually all aspects.
Ti-O-Ti bond angles and Ti-Ti distances do not show variations with the phase of the modulation that could indicate magnetic interactions other than the spin-Peierls coupling along b ͑Table II; Ref. 4͒ . It follows that frustration between spin-Peierls dimerization and elastic interchain coupling is responsible for the incommensurability of the modulation as well as for the twofold superstructure. This situation is similar to that of the A 2 BX 4 class of compounds, where frustration of elastic interactions between atoms leads to an incommensurate structure at intermediate temperatures, that locks in into a commensurate superstructure at low temperatures without entirely resolving the frustration. 16 Frustration of interactions can alternatively be resolved by the formation of commensurate and incommensurate superstructures, and it thus explains the occurrence of both types of modulation. But of course, the principle of frustration by itself cannot predict the specific components of the modulations wave vectors or their temperature dependencies. For this, the free energy for the different structures need to be considered, which is beyond the scope of the present study.
IV. CONCLUSION
By consideration of the full complexity of the crystal structures, including Ti-O bonding interactions, we have shown that frustrated interchain interactions are already present in the spin-Peierls state. They do not require a component of the displacements along a-as it was proposed in Ref. 8 
